that is, the electrode may freeze during heating.
Introduction
Room-temperature ionic liquids (RTILs) 1 are an emerging class of advanced electrolytes for electrochemical energy storage systems, such as lithium ion batteries 2, 3 and carbon supercapacitors. 4, 5 The unique feature of supercapacitors is that electrical charge is stored at an electrified fluid/solid interface via the formation of an electrical double-layer as a result of ion electrosorption in porous carbon electrodes. 6, 7 This feature makes this technology excel in cycling stability, longevity, and power handling compared to battery technologies. 8 RTILs are unique solvent-free electrolytes enabling high operating voltages (at or above 3.5 V) and superior safety because of the noninflammable and non-volatile character with an excellent high temperature stability compared to organic electrolytes. While the electrochemical behavior of RTIL supercapacitors is fairly well studied at room temperature or above, 9 only limited investigations have been carried out at low temperatures let alone in nanoconfinement. 10, 11 As a result, the thermophysical behavior of RTILs in carbon nanopores and the in situ electrochemical performance remain highly speculative. In our study, we apply differential scanning calorimetry (DSC) and electrochemical measurements at low temperatures to study the freezing and thawing of RTILs (with less than 10 ppm H 2 O) in the confinement of carbon nanopores.
Step by step, we are going to establish that the thermal properties of RTILs may be affected by nanoconfinement but are vastly different from carbon electrodes before and after charging and that the electrochemical performance can be fully restored even after freezing. It is well-known from the literature that fluids, including ionic liquids, exhibit different freezing and melting points when confined in nanoporous materials (e.g., silica). [12] [13] [14] [15] [16] [17] [18] This different behavior is commonly attributed to the additional interaction with the pore walls along the large contact (surface) area in porous media. The presence of an electrical charge at the fluid/solid interface can also have an effect on the thermal behavior. 19 Yet, for RTIL supercapacitors, we have to consider that not only nanoconfinement, but also local changes in the anion/cation ratio have to be considered. 20 This is related to the ejection of co-ions (ions with the same charge as the electrode) and the insertion of counter-ions (ions with opposite charge) from carbon nanopores during the charging of a supercapacitor electrode. While there are some thermal data for neat ionic liquids available, the effect of nanoconfinement on the thermophysical properties of RTILs remains poorly investigated. 21, 22 From the limited literature, it seems that a drastic difference for RTILs is expected to emerge once the confined geometry is smaller than circa 10 ion radii (i.e., below 10 nm). 23 In the work of Kanakubo et al. 24 the smallest pores of silica (7.5 nm) yielded the lowest melting point for 1-butyl-3-methyl-imidazolium bis(trifluoro- 
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Experimental description DSC thermograms were recorded using a DSC 1 system from Mettler Toledo ANALYTICAL in combination with the STAR software using standard aluminum crucibles (40 mL). The scan rate for all thermograms was 10 1C min À1 .
The main purpose of the DSC measurements in this work is to show qualitative differences in the freezing and melting behavior of bulk RTIL and IL confined in a porous medium. The DSC thermograms are normalized by the mass of the RTIL. The DSC pans were filled in an Ar filled glove box with O 2 and H 2 O below 1 ppm.
Polytetrafluoroethylene (PTFE) bound carbon electrodes were prepared by mixing the carbon powder (BP2000, Cabot Corp.) with ethanol forming a slurry which was sonicated for 15 minutes. The PTFE (60 wt% in H 2 O, Sigma-Aldrich) was added under constant stirring until a final amount of 10 wt% PTFE with respect to the carbon mass was reached. The slurry was stirred and heated until a dough-like mass was achieved. This mass was rolled into self-standing electrode sheets with 200 mm thickness using a hot rolling machine (MTI Corp.). Afterwards, the electrodes were dried for at least 24 h at 120 1C and 20 mbar.
The electrochemical measurements were carried out in custom-built electrochemical cells. Two electrodes (diameter 12 mm) were punched out from the electrode sheets and contacted using two spring loaded Ti pistons. The electrodes were separated using a cellulose based separator (TF 4425, Nippon Corp.) and carbon coated aluminum foil (type Zflo 2653, Exopack technologies) was used for better contact. Activated carbon (AC, YP50, Kuraray Chemical) was used as a reference electrode 28 in order to monitor the potential of the positive and the negative electrode separately in the symmetric cell arrangement.
The temperature dependent cyclic voltammetry measurements were carried out in an environmental simulation chamber (Binder MK53). The temperature of the cell was not additionally monitored. The final cell temperature was determined from the display of the oven. Cyclic voltammetry was carried out using a VMP3 potentiostat (Bio-Logic Instruments).
For the DSC investigation of the charged electrodes a symmetric cell containing a reference electrode was used. The cell was charged up to a cell voltage of 2.5 V (see electrode potentials in ESI †) and afterwards carefully disassembled inside the glove box. Finally, a piece of each electrode (positive and negative) was taken, put into a DSC pan, and DSC measurements were conducted.
The 
Results and discussion
First, we investigated the influence of nanoconfinement on the thermophysical properties in an uncharged state. We see that the thermal behavior is strongly dependent on the RTIL ions and their interaction with each other and the carbon pore walls. Yet the non-equilibrium nucleation process of freezing is drastically affected and shifted to +2 1C from originally À24 1C. This increase is related to the strong interactions with pore walls at the large liquid-solid interface in the presence of surface defects of partially graphitic carbon. This finding aligns well with the enhanced ion mobility and ability to rearrange in nanoconfined RTILs compared to the bulk. 29 When looking at a typical imidazolium-based RTIL (Fig. 1B) , such as 1-butyl-3-methyl-imidazolium tetrafluoroborate [BMIM][BF 4 ], we now have a very different situation since this ionic liquid does not undergo crystallization but only one glass transition and a minor phase transition within a large temperature range (À125 1C to +100 1C). Nanoconfinement does not change this behavior significantly and only the ultralow-temperature phase transition at À107 1C is shifted to À119 1C when the RTIL is soaked in nanoporous carbon. Such a decrease aligns well with the downshift of phase transition temperatures in glass-like materials following the Ehrenfest equation 30 although during cooling also interactions between the pore walls and the ions 15 need to be considered. The minor phase transitions might be attributed to an incomplete glass formation and probably small crystallite formation. Upon heating, only one endothermal glass transition at À81 1C occurs in either case which is close to what has been reported by Nishida et al., namely at À85 1C. 31 No specific peak for melting can be identified.
Staying in the imidazolium system but using a cation with a much shorter chain length, namely 1-ethyl-3-methyl-imidazolium
+ , we see for the bulk one glass transition at À89 1C and À88 1C during cooling and heating, respectively (Fig. 1C) 4 ], this downshift of T g can be explained by less entwining of the shorter cation chains. 22, 31, 32 The highly reproducible absence of crystallization and subsequent melting of the bulk RTIL is in contrast to the literature where a melting point at 11 1C (13 1C) and a freezing point at À63 1C (À58 1C) have been reported in ref. 33 4 ] in nanopores was highly dependent on the history of the RTIL (see Fig. S2 , ESI †). A lower limit for the upper temperature yields a higher temperature for the exothermic peak during cooling. Thus, all comparisons between bulk and nanoconfined RTILs were carried out within the same temperature window. Charging and discharging of a carbon supercapacitor locally change the ion concentration inside the pores of the positively and negatively polarized electrode. [35] [36] [37] Theoretical work 36 on
1-ethyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide [EMIM]
[TFSI] in a 1.2 nm pore shows that the overall number of ions per unit volume only slightly increases (o20%) when using an electrode potential of up to AE1.5 V; yet, the ratio of cations and anions greatly varies by a factor of B300%. Thus, we expect the strong change in local composition to have also a significant influence on the thermophysical behavior since a recent theoretical work revealed an accelerating charging dynamics in subnanometer pores due to the diffusion variation of inside ions under polarization. 38 In our experiments, we charged the electrodes of a symmetrical carbon supercapacitor cell, disassembled the device in an inert gas glove box, and analyzed, separately, the negatively and positively polarized electrodes. By doing so, some of the electrical charge may be lost, but the anion/cation ratio remains unchanged. For each experiment, a symmetric cell was fully charged to a voltage of 2.5 V (charging potential of each electrode see Fig. S4 , ESI †). In the case of [PYR13][TFSI], the melting point was severely suppressed compared to the measurements at 0 V (Fig. 2A) . The small endothermic peak indicative of melting during heating is located at significantly lower temperatures for positive polarization (8 1C) compared to negative polarization (10 1C) or not-polarized carbon (12 1C) . We attribute the downshift of the melting point to the higher concentration of anions or cations resulting in non-stoichiometric local ion arrangement impeding the formation of extended RTIL crystal arrangements. The onset for the crystallization is in a narrower range and seems to be minor affected by polarization.
A similar trend of melting point depression is found for [EMIM][BF 4 ] (Fig. 2B) 4 ] undergoes crystallization between À40 1C and À45 1C during heating. This feature of some ionic liquids, especially imidazolium-based ones, is related to overall high viscosity and steric effects of the ions. A similar trend could be seen in the vertex temperature dependence, presented in the (Fig. S2, 4 ] is highly dependent on the history of the sample and, hence, leads to either supercooling or a crystallization during the cooling cycle. This effect has never been reported for [EMIM] [BF 4 ] as it is absent in the bulk form or nanoconfined without a modified anion/cation ratio. Finally, we investigated the influence of freezing and thawing on the electrochemical performance. The equilibrium capacitance of RTIL supercapacitors should not be affected by temperature. 39 However, since capacitance is usually determined via dynamic methods (such as galvanostatic charge-discharge or cyclic voltammetry), the measured capacitance is susceptible to temperature variations and different degrees of ion mobility. Thus, a severe decrease of the capacitance at low temperatures is commonly found in RTIL systems that show neither crystallization nor glass transition within the studied range. , we see a continuous decrease of the capacitive current; yet we note that while the overall current decreases with temperature (Fig. 3A ) the system still behaves as a capacitor even at À20 1C. This remnant capacitive behavior is more evident when normalizing to the maximum current (Fig. 3B ) and the narrowing of the cyclic voltammogram curve is a result of the decrease in ion mobility and increase of cell resistance at lower temperatures. 10 Noticeably, [EMIM] [BF 4 ] exhibits a complete loss of capacitance when cooling the device to À20 1C (Fig. 3C ) indicating a structural change already at this temperature initiated by ion movement during electrochemical charging. 4 ]. The system was operated in three electrode mode, which enabled the monitoring of the working electrode potential and the counter electrode potential separately. Cooling the cell from room temperature to À20 1C we observed reproducibly that the cell exhibited capacitive response much longer (ca. 3-times) at À20 1C compared to a pure [EMIM] + . However, ultimately also for the mixture the cell capacitance dropped to zero comparable to Fig. 3C . The DSC thermogram of the respective mixture in a nanoporous environment can be found in the Fig. S3 , ESI. † The behaviour is similar to [EMIM] [BF 4 ] except for the presence of a much broader peak and mixed freezing during cooling and heating.
ESI †). The freezing behavior of [EMIM][BF
We also observed at À20 1C an asymmetric current signal which is highly unusual for a supercapacitor setup. Such behavior can only be explained by vast differences in the ion mobility of anions and cations. For positive polarization the system behaves View Article Online at À20 1C as if the ions were immobile while, for negative polarization, ion mobility is still observed (Fig. 4A ). Upon heating, the normal behavior of the cell was restored (Fig. 4B ). This in situ electrochemical probing of cation and anion dynamics at the anode and cathode complements the results shown in Fig. 2 where only the global thermal response of positively or negatively polarized electrodes is depicted. Yet, we see from these results that even under nominally ''frozen'' conditions (in the sense of Fig. 2 
Conclusions
In summary, we have demonstrated that the thermophysical behavior of RTIL carbon supercapacitors can be very different from the bulk properties of the electrolyte. A main mechanism of this difference may be the molecular interaction between ionic liquid and carbon pore walls in nanoconfinement. The freezing behavior is a non-equilibrium process that may be fully suppressed in bulk and only occur in nanoconfinement ([EMIM][BF 4 ]) or it may occur at much higher temperatures (e.g., D +26 1C; [PYR13][TFSI]). Also, supercooling is an important mechanism in understanding the crystallization properties of RTIL supercapacitors. Yet, even if no crystallization occurs at low temperatures for a charged supercapacitor, the device may nevertheless freeze either during re-heating or when discharging the system. Carbon-based RTIL supercapacitors exhibit fully reversible electrochemical behavior and the initial capacitance is fully recovered once the device is re-heated. Thus, low temperatures provide much less of a concern to the device safety compared to high temperatures at which (electro-)-chemical decomposition may be encountered. 
